]i) response to agonist stimulation leading to increased airway constriction has been suggested to contribute to airway hyperresponsiveness. Caveolae are flask-shaped plasma membrane invaginations that express the scaffolding protein caveolin and contain multiple proteins important in [Ca 2ϩ ]i signaling (e.g., agonist receptors, ion channels). We recently demonstrated that caveolae and caveolin-1 are important in [Ca 2ϩ ]i regulation in human ASM. Proinflammatory cytokines such as tumor necrosis factor (TNF)-␣ and interleukin (IL)-13 modulate [Ca 2ϩ ]i in ASM. We hypothesized that cytokine upregulation of caveolar signaling in ASM contributes to enhanced agonist-induced [Ca 2ϩ ]i in inflammation. Enzymatically dissociated human ASM cells were exposed to medium (control), 20 ng/ml TNF-␣, or 50 ng/ml IL-13 for 24 h. Caveolae-enriched membrane fractions displayed substantial increase in caveolin-1 and -2 expressions by TNF-␣ and IL-13. Transfection with caveolin-1-mRed DNA substantially accelerated and increased plasma membrane caveolin-1 expression by TNF-␣ and to a lesser extent by IL-13. Caveolin-1 enhancement was inhibited by nuclear factor-B and mitogen-activated protein kinase inhibitors. In fura 2-loaded ASM cells, [Ca 2ϩ ]i responses to 1 M ACh, 10 M histamine, or 10 nM bradykinin were all exaggerated by TNF-␣ as well as IL-13 exposure. However, disruption of caveolae using caveolin-1 suppression via small-interfering RNA resulted in significant blunting of agonist-induced [Ca 2ϩ ]i responses of vehicle and TNF-␣-exposed cells. These functional data were correlated to the presence of TNFR1 receptor (but not the IL-4/IL-13 receptor) within caveolae. Overall, these results indicate that caveolin-1 plays an important role in airway inflammation by modulating the effect of specific cytokines on [Ca 2ϩ ]i.
AIRWAY INFLAMMATION UNDERLIES diseases such as asthma and contributes to increased airway contractility, pathological narrowing, and increased resistance to airflow observed in these diseases. Increased airway contractility during inflammation may result from enhanced intracellular calcium ([Ca 2ϩ ] i ) responses of airway smooth muscle (ASM) in response to bronchoconstrictor agonists. Accordingly, factors that contribute to increased [Ca 2ϩ ] i in ASM are key to understanding reactive airway diseases.
Caveolae are flask-shaped plasma membrane invaginations rich in cholesterol and sphingolipids (44, 45) . They express any of three caveolin proteins (caveolin-1, caveolin-2, and/or caveolin-3) and contain agonist receptors, ion channels, and other membrane proteins. Furthermore, caveolin proteins have been recognized as organizers and facilitators of signal transduction (4, 5, 14, 44, 45) . We and others have established the presence of caveolae and caveolins in ASM (8, 14, 18, 33, 35) . In ASM, bronchoconstrictors such as ACh or histamine increase [Ca 2ϩ ] i by both sarcoplasmic reticulum (SR) Ca 2ϩ release and plasma membrane Ca 2ϩ influx (20, 29, 33, 34) . We and others have reported that ASM plasma membrane fractions enriched in caveolae contain several Ca 2ϩ regulatory proteins, including agonist receptors and plasma membrane Ca 2ϩ influx channels (8, 33) . Furthermore, caveolins have been shown to regulate [Ca 2ϩ ] i in ASM (8, 14, 33) . In this regard, caveolin-1 appears to be particularly important, with caveolin-3 (the isoform most associated with striated muscle) being absent in ASM (at least in humans) (14, 33) .
While there is evidence that caveolins regulate [Ca 2ϩ ] i in ASM, their role in the inflamed airway is still not wellestablished. In the lung, caveolin-1 has been shown to regulate nuclear factor-B (NF-B) and inflammatory responses to sepsis (13) . Previous studies have reported caveolin regulation of p42/44 mitogen-activated protein (MAP) kinase (16) as well as RhoA and Rho kinase signaling (40) , modulating cellular proliferation, a major aspect of diseases such as asthma. In the present study, using human ASM, we hypothesized that cytokine upregulation of caveolar signaling in ASM contributes to enhanced agonist-induced [Ca 2ϩ ] i in inflammation, thus placing caveolae centrally within regulation of airway hyperresponsiveness.
MATERIALS AND METHODS

Isolation of human ASM cells.
The techniques for isolation of human ASM cells have been described previously (32, 33) . Briefly, ASM cells were enzymatically dissociated from normal areas of thirdto sixth-generation bronchi of surgical lung samples from patients at Mayo Clinic Rochester (deidentified samples from lobectomies or pneumenectomies considered surgical waste by the pathologist following clinical diagnoses; approved and considered exempt by Mayo Institutional Review Board). Bronchial segments were dissected and placed in ice-cold Hanks' balanced salt solution (HBSS; Invitrogen, Carlsbad, CA) supplemented with 10 mM HEPES and 2 mM Ca 2ϩ . Under light microscopy, ASM tissue were separated from cartilage, epithelium, and surrounding tissues and minced, and single cells were dissociated using papain and collagenase with ovomucoid/albumin separation (Worthington Biochemical, Lakewood, NJ). Cell pellets were resuspended and plated in sterile culture flasks or eight-well glass-bottomed Lab-Tek imaging chambers (Nalge Nunc International, Rochester, NY) and maintained at 37°C (5% CO2-95% air) in phenol red-free DMEM-F-12 medium (Invitrogen) supplemented with 10% FBS until ϳ80% confluent. Before experiments, cells were washed in PBS solution (Invitrogen), and medium was changed to DMEM-F-12 lacking serum for 48 h. All experiments were performed in cells from passages 1-3 of subculture. Periodic assessment of ASM phenotype (smooth muscle actin and myosin, and agonist receptors, as well as lack of fibroblast markers) was performed.
Western blot analysis. Proteins were separated by SDS-PAGE (either 15 or 4 -15% gradient gels, Criterion Gel System; Bio-Rad, Hercules, CA) and then transferred to polyvinylidene fluoride membranes (Bio-Rad) for 60 min. Five percent milk in TBS containing 0.1% Tween (TBST) was used to block the membranes for 1 h. Membranes were then incubated overnight at 4°C with anti-caveolin-1, -2, or -3 (1:1,000) or antibodies against tumor necrosis factor (TNF) receptor 1 (TNFR 1) or interleukin (IL)-13/IL-4 receptor (IL-4R). Following three washes with TBST, primary antibodies were detected using horseradish peroxidase-conjugated secondary antibodies and signals developed by Supersignal West Pico Chemiluminescent Substrate (Pierce Chemical, Rockford, IL).
Preparation of caveolar membranes. The technique for preparation of caveolae-enriched membranes has been previously described by Wang et al. (42) and applied to human ASM cells (33) . Briefly, ASM cells were homogenized in cold 0.25 M sucrose, 1 mM EDTA, and 20 mM Tricine, pH 7.8, layered onto a 30% Percoll gradient, and centrifuged at 84,000 g for 30 min. Plasma membrane fraction was extracted, sonicated, resuspended in a solution of OptiPrep (23%), and placed in a centrifuge tube. A linear 20 -10% OptiPrep gradient was layered on top and centrifuged (52,000 g for 90 min). The caveolaeenriched upper membrane layer was collected and used for further experimentation. Purity of the caveolae-enriched fraction was verified by presence of caveolin proteins, but lack of Golgi or SR proteins.
Caveolin-1 knock down by small-interfering RNA. As previously described (33) , caveolin-1 small-interfering RNA (siRNA) duplex targeting against the open reading frame of bovine caveolin-1 mRNA (223-241 bases; 5=-CCA GAA GGA ACA CAC AGU U-dTdT-3=) and a negative control siRNA (5=-GCG CGC UUU GUA GGA UUC G-dTdT-3=) were selected for caveolin-1 knock down (Dharmacon, Lafayette, CO). Transfection of ASM cells at ϳ60% confluence was achieved using 20 nM siRNA and Lipofectamine 2000 (Invitrogen) in DMEM-F-12 lacking FBS and antibiotics with a ratio of 20 pmol siRNA/l Lipofectamine. After transfection, fresh growth medium was added after 6 h, and cells were analyzed after 48 h. In our previous study (33) , we had verified the knock down efficacy (ϳ75%) and specificity by decreased expression of caveolin-1 (but not other isoforms) and lack of effect of the nonsense siRNA. In pilot studies, we verified such efficacy and specificity in the samples used here but do not show the data.
Caveolin-1 overexpression. An mRed-tagged caveolin-1 construct was used, which was generated from cav-1-green fluorescent protein by removing a BamH1-HindIII fragment containing the cav-1 gene from the construct and inserting an mRed expression vector driven by a viral promoter, as described by Singh et al. (39) . Upon reaching 70 -90% confluence, ASM cells were transfected with the vector using Lipofectamine 2000. Cells were incubated with the transfection mix in DMEM-F-12 media without serum for 24 h before analysis. For the experiments, DMEM-F-12 medium with 10% FBS was added 4 h posttransfection and maintained for 24 h. Serum-free medium was then used for an additional 24 h to drive the cells to quiescence before further experimentation. Expression of the fluorescently tagged caveolin-1 (cav-1-mRed) was verified by fluorescence imaging.
[Ca 2ϩ ]i imaging. The techniques for [Ca 2ϩ ]i imaging of ASM cells have been described previously (32, 33) . ASM cells were incubated in 5 M fura 2-AM (Invitrogen) for 60 min at room temperature and visualized using a fluorescence imaging system (MetaFluor; Universal Imaging, Downingtown, PA) on a Nikon Diaphot inverted microscope (Fryer Instruments, Edina, MN). Cells were initially perfused with HBSS (2.5 mM Ca 2ϩ at room temperature), and baseline fluorescence levels were established. [Ca 2ϩ ]i responses of 20 -30 cells per chamber were obtained for individual software-defined regions of interest. Fura 2 was alternately excited at 340 and 380 nm, and fluorescence emissions were collected separately at 510 nm at 1.33 Hz with images acquired using a Photometric Cascade digital camera system (Roper Scientific, Tucson, AZ). Quantification of [Ca 2ϩ ]i levels from fura 2 emissions were as previously described (2, 33) . For agonist stimulation, amplitudes of [Ca 2ϩ ]i responses were calculated (difference between peak Ca 2ϩ and baseline Ca 2ϩ before stimulation). The subsequent plateau level was measured from the same resting baseline.
Confocal fluorescence microscopy. ASM cells grown on eightchambered Lab-Tek chambers and transfected with cav-1-mRed were visualized using a ϫ100/1.3 oil immersion objective lens on an Olympus FluoView laser scanning confocal microscope and the 568-nm line of a Kr laser. Pixel images (1024 ϫ 1024) were acquired with fixed laser and photomultiplier gain/contrast settings to allow comparison across groups. Statistical analysis. Bronchial samples from at least five patients were used to obtain ASM cells, with biochemistry and molecular biology protocols being repeated a minimum of three times. [Ca 2ϩ ]i experiments were performed in at least 20 cells from each bronchial sample. Not all protocols were performed in each sample obtained. Comparisons between groups or drug effects (e.g., cytokine exposures, [Ca 2ϩ ]i responses) were performed using one-or two-way ANOVA, with Bonferroni correction for repeated comparisons where appropriate. Statistical significance was established at P Ͻ 0.05. All values are expressed as means Ϯ SE.
RESULTS
Effect of inflammatory cytokines on caveolin expression in human ASM.
Western blot analysis of caveolar fractions from human ASM cells demonstrated significant increase in caveolin-1 expression following exposure to TNF-␣ compared with vehicle only (P Ͻ 0.05, Fig. 1 ). Exposure to IL-13 also significantly increased caveolin-1, but to a smaller extent than TNF-␣. Caveolin-2 was expressed by human ASM cells, and the expression of caveolin-2 increased significantly with both cytokines (P Ͻ 0.05, Fig. 1 ). Caveolin-3 was absent in control as well as TNF-␣-and IL-13-treated cells, consistent with our previous findings (33) . Specificity of the caveolin-3 antibody was verified using appropriate positive controls (rat heart), as was the affinity for human proteins (human diaphragm muscle). Effect of altered caveolin-1 expression on [Ca 2ϩ ] i regulation. Exposure to 20 ng/ml TNF-␣for 24 h increased [Ca 2ϩ ] i responses to three different agonists (1 M ACh, 10 M histamine, and 10 nM bradykinin) compared with vehicle (culture buffer) or Lipofectamine (siRNA vehicle) controls (P Ͻ 0.05 for TNF-␣ effect for each agonist, Fig. 3A) . Suppression of caveolin-1 expression using specific siRNA decreased [Ca 2ϩ ] i responses to all three agonists compared with Lipofectamine only (P Ͻ 0.05, Fig. 3B ). Nonsense siRNA transfection resulted in a nonsignificant 10 -15% decrease in [Ca 2ϩ ] i responses (depending on the agonist) compared with Lipofectamine controls in the absence or presence of TNF-␣ (data not shown). In the presence of caveolin-1 siRNA, the enhancing effect of TNF-␣ on [Ca 2ϩ ] i responses to all three agonists was substantially and significantly reduced compared with TNF-␣ alone (P Ͻ 0.05 for each agonist, Fig. 3B ). However, even in the presence of caveolin-1 siRNA, TNF-␣ still significantly increased (albeit to a smaller extent) [Ca 2ϩ ] i responses to histamine and bradykinin (but not ACh).
Mechanisms of TNF-␣-induced increase in caveolin-
Exposure to 50 ng/ml IL-13 also increased [Ca 2ϩ ] i responses to all agonists compared with controls (culture medium or Lipofectamine; P Ͻ 0.05, Fig. 4A ). Caveolin-1 suppression significantly decreased [Ca 2ϩ ] i responses to all three agonists compared with Lipofectamine control (P Ͻ 0.05, Fig. 4B ) and (as with TNF-␣) blunted IL-13 enhancement of [Ca 2ϩ ] i responses to the three agonists (P Ͻ 0.05, Fig. 4B ). However, unlike TNF-␣, even with caveolin-1 siRNA, IL-13 still enhanced [Ca 2ϩ ] i responses to ACh (Fig. 4B) . As with TNF-␣, nonsense siRNA transfection resulted in a nonsignificant 10 -15% decrease in [Ca 2ϩ ] i responses in the absence or presence of IL-13 (data not shown). However, the blunting effect of caveolin-1 siRNA on IL-13-induced enhancement of [Ca 2ϩ ] i was substantially less than the effects of the siRNA when TNF-␣ was used instead (P Ͻ 0.05).
When caveolin-1 was overexpressed using the cav-1-mRed construct, [Ca 2ϩ ] i responses to all three agonists were increased (P Ͻ 0.05, Fig. 5A ). In the presence of overexpressed 1 . Effect of proinflammatory cytokines tumor necrosis factor (TNF)-␣ and interleukin-13 (IL-13) on caveolin-1, -2, and -3 expression in caveolaeenriched fractions of human airway smooth muscle (ASM) cells. ASM cell plasma membrane fractions enriched in caveolae were obtained as described previously (33) . Exposure for 24 h to 20 ng/ml TNF-␣ significantly increased caveolin-1, and to a lesser extent caveolin-2, expression. Exposure to IL-13 also increased caveolin-1 and -2 expression compared with control, but to a lesser extent compared with TNF-␣. Caveolin-3 was not expressed within caveolar membrane fractions of human ASM, even with cytokine exposure (positive controls such as rat heart or human diaphragm containing caveolin-3 not shown). AU, arbitrary units. Values are means Ϯ SE. *Significant TNF-␣ effect compared with vehicle control. #Significant IL-13 effect compared with vehicle control. @Significant difference between TNF-␣ and IL-13 (P Ͻ 0.05).
caveolin-1, 24 h exposure to TNF-␣ even further increased [Ca 2ϩ ] i responses to agonists (P Ͻ 0.05, Fig. 5B ). While IL-13 increased [Ca 2ϩ ] i responses to agonists (as in Fig. 4 ), overexpression of caveolin-1 did not have an additional enhancing effect (Fig. 5C) .
Expression of TNF and IL-13 (IL-4) receptor within caveolae.
To determine the reason underlying differences between TNF-␣ and IL-13 in the role of caveolin-1 in [Ca 2ϩ ] i regulation, we determined the expression of the receptors for either cytokine within caveolae. Both TNFR 1 as well as IL-4R␣ were expressed in whole ASM cell lysates and significantly increased in the presence of their respective ligand (TNF-␣ vs. IL-13; P Ͻ 0.05, Fig. 6 ). However, only TNFR 1 was expressed within caveolar membrane fractions (Fig. 6 ) and upregulated by 24 h exposure to TNF-␣ (P Ͻ 0.05). In contrast, IL-4R␣ was not localized to caveolar membrane fractions under control conditions or with cytokine exposure (Fig. 6) .
DISCUSSION
In the present study, we demonstrate that inflammatory cytokines such as TNF-␣ (and to a lesser extent IL-13) increase ] i is associated with the absence of IL-13 receptor within caveolae, suggesting that caveolar modulation of cytokine effects may be dependent on the cytokine in question.
Caveolae and caveolins (of which 3 isoforms have been identified) have been examined in a number of cell types. Caveolins are integral caveolar membrane proteins that can regulate other caveolar proteins as well induce and modulate intracellular signal transduction (5, 44, 45) potentially via caveolin scaffolding domains (6, 45) . Thus, relevant to the present study, caveolae may be central to [Ca 2ϩ ] i regulation, as demonstrated using the siRNA studies, as well as in our previous study using cyclodextrins (33) . We and others (7, 10, 31, 33, 37) have previously shown that caveolae in smooth muscle cells (including human ASM) contain proteins that are important not only for [Ca 2ϩ ] i signaling but also contraction and cellular proliferation, thus facilitating regulation of signaling mechanisms at the plasma membrane and beyond. In this regard, it appears that caveolin-1 may be the isoform of interest in ASM cells, since we and others (8, 16, 18, 33) have found that human and canine ASM cells and tissue express caveolin-1 and caveolin-2 (which is usually associated with caveolin-1) but not caveolin-3. The lack of caveolin-3 in the present study is thus consistent with previous work (33) and set the stage for further examination of the role of caveolin-1 in airway inflammation.
Airway inflammation and caveolae. A hallmark symptom of clinically important diseases such as asthma is inflammation and increased airway narrowing (21, 25, 26) . The two are linked by the enhancing effect of cytokines on ASM contractility (1, 38) . Here, the role of cytokines such as TNF-␣ and IL-13 in airway diseases has been well described (3) . Furthermore, ASM has been found to itself regulate inflammation by releasing inflammatory mediators and expressing a repertoire of proteins, including the receptors for proinflammatory cytokines (41) . Accordingly, factors that modulate ASM structure and function in the presence of inflammation are key to understanding airway diseases.
Altered caveolin levels or function have been associated with cardiovascular diseases (11, 17) . Although the presence of caveolae and caveolins in ASM of different species is now recognized (14, 18, 33) , their role during ASM inflammation, or in reactive airway disease, is not well established. In this regard, the role of caveolae (specifically caveolin-1) in proinflammatory cytokine-induced airway inflammation has been barely examined. In a largely biochemical study using human ASM, Hunter and Nixon (24) demonstrated that lipid rafts are important in specific TNF-␣-mediated effects. In that study, TNFR 1 is localized to both lipid raft and nonraft regions of the plasma membrane, and lipid rafts are important for TNFR 1 mediated activation of RhoA (but not NF-B and MAP kinase pathways), as demonstrated using depletion of cholesterol from rafts using methyl-␤-cyclodextrin. However, this study did not examine the role of caveolin-1, which necessitates techniques such as siRNA rather than the cyclodextrins, which are relatively nonspecific, or the Ca 2ϩ regulation aspect. To the best of our knowledge, there are currently no data on the role of caveolae in IL-13 effects on ASM. A single study in ovalbumin-sensitized/challenged mice reported that caveolin-1 is necessary for IL-4-mediated enhancement of transforming growth factor (TGF)-␤ signaling but did not examine airway reactivity (27) .
The present study demonstrates two novel aspects of interplay between caveolae and cytokines (especially TNF-␣) in ASM inflammation. First is the finding that TNF-␣ (and to a lesser extent IL-13) increases caveolin-1 expression in human ASM. As our experiments using cav-1-mRed demonstrate, increased caveolin-1 expression alone has the potential to enhance [ (33) . Previous studies, including our own, have already reported that cytokines such as TNF-␣ can enhance muscarinic receptor activation as well as Ca 2ϩ influx mechanisms (23, 28, 43) . Now, the blunting effect of suppressed caveolin-1 on TNF-␣ enhancement of [Ca 2ϩ ] i , and conversely the potentiating effect of cav-1-mRed on TNF-␣-induced modulation of [Ca 2ϩ ] i , highlight a role of caveolar signaling. Here, the second novel finding is the expression and upregulation of caveolar TNFR 1 , suggesting that caveolae are not only a target of TNF-␣ signaling (which increases caveolin-1 expression) but are also a source of TNF-␣ effects. These findings again place caveolae ] i . In contrast to a link between TNF-␣ effects and caveolae, the significantly smaller effect of altered caveolin-1 expression on IL-13 enhancement of [Ca 2ϩ ] i is interesting. There is currently no information on IL-13 regulation of caveolin-1. Here, our novel data show a small upregulation of caveolin-1 expression by IL-13. Separately, as shown by other studies, we also found that [Ca 2ϩ ] i responses to agonists are increased by IL-13 exposure (9, 12, 34) . However, unlike TNF-␣, suppression of caveolin-1 had smaller effects on IL-13 enhancement of [Ca 2ϩ ] i , and cav-1-mRed did not potentiate IL-13 effects, suggesting a smaller role for caveolin-1 or caveolae in the signaling of this cytokine. This may be partly due to the fact that the IL-4R␣ is not expressed within caveolae (even with cytokine stimulation). Nonetheless, the smaller effect of caveolin-1 siRNA on IL-13 effects may be mediated by cytokineinduced changes in caveolar expression of agonist receptors, for example.
The mechanisms by which cytokines such as TNF-␣ can modulate caveolin-1 expression in ASM have not been previously examined. In our study, we found that exposure to TNF-␣ increased production of the cav-1-mRed protein and accelerated its insertion into the plasma membrane. Such increased caveolin-1 expression was significantly blunted in the presence of inhibitors of MAP kinases and NF-B, suggesting involvement of these pathways, which are already known to be important in mediating the effects of TNF-␣ (1, 22) . In addition to being important in modulating caveolin-1 expression, these pathways may also be relevant to mediating caveolin-1 effects themselves. Studies in different cell types (including some in ASM) have shown that caveolin-1 can modulate signaling cascades relevant to [Ca 2ϩ ] i , force, and cell proliferation (16, 19, 30, 33, 36) . For example, Gosens et al. (16) reported in human ASM cells that disruption of caveolae using cyclodextrins or caveolin-1 siRNA promotes p42/p44 MAP kinase activation and increases cell proliferation. While we did not examine caveolin-1 effects on MAP kinases in the presence of TNF-␣ signaling, the previous data in combination with our present results suggest another potential mechanism of interplay between cytokines and caveolae. TNF-␣ can increase ASM contractility as well as cell proliferation via multiple signaling mechanisms besides MAP kinases (1, 22) .
Furthermore, increased caveolin-1 may also increase [Ca 2ϩ ] i (as shown here), RhoA (24) , and other mechanisms that increase contractility. Indeed, we interpret increased caveolin-1 as having a role in enhancing the contractile phenotype of ASM. Interestingly, Gosens et al. (15) recently published a study demonstrating that caveolin-1 is required for TGF-␤-induced promotion of ASM cells of contractile phenotype, although [Ca 2ϩ ] i or contractility per se was not examined. Nonetheless, caveolin-1 appears to contribute to both major aspects of reactive airway diseases.
In conclusion, the results of the present study demonstrate that inflammatory cytokines such as TNF-␣ increase caveolin-1 expression via mechanisms such as MAP kinase and NF-B. Increased caveolin-1 expression in turn contributes to increased [Ca 2ϩ ] i . Furthermore, increased caveolin-1 allows for greater expression of TNFR 1 within caveolae, which would further facilitate enhancement of [Ca 2ϩ ] i . In contrast to TNF-␣, IL-13 does increase caveolin-1 expression in ASM, but the lack of IL-4R␣ within caveolae, and lack of enhancement of Both TNFR1 and IL4R␣ were expressed in whole ASM cell lysates and were significantly increased when cells were exposed to TNF-␣ or IL-13, respectively (A). However, only TNFR1 was expressed within caveolar membrane fractions, with increased expression following TNF-␣ exposure (B 
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